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In this work we study the impact of chromatic focusing of few-cycle laser pulses on high-order
harmonic generation (HHG) through analysis of the emitted extreme ultraviolet (XUV) radiation.
Chromatic focusing is usually avoided in the few-cycle regime, as the pulse spatio-temporal structure
may be highly distorted by the spatiotemporal aberrations. Here, however, we demonstrate it as
an additional control parameter to modify the generated XUV radiation. We present experiments
where few-cycle pulses are focused by a singlet lens in a Kr gas jet. The chromatic distribution
of focal lengths allows us to tune HHG spectra by changing the relative singlet-target distance.
Interestingly, we also show that the degree of chromatic aberration needed to this control does
not degrade substantially the harmonic conversion efficiency, still allowing for the generation of
supercontinua with the chirped-pulse scheme, demonstrated previously for achromatic focussing.
We back up our experiments with theoretical simulations reproducing the experimental HHG results
depending on diverse parameters (input pulse spectral phase, pulse duration, focus position) and
proving that, under the considered parameters, the attosecond pulse train remains very similar to
the achromatic case, even showing cases of isolated attosecond pulse generation for near single-cycle
driving pulses.
INTRODUCTION
Few-cycle pulses are of great interest for attosecond
science, allowing the generation of isolated attosecond
pulses via high-harmonic generation (HHG) [1, 2], atomic
and molecular dynamic studies [3], ultrafast spectroscopy
(e.g., transient absorption [4]) and spectral interference
in the extreme ultraviolet (XUV) range [5], among oth-
ers). Nowadays, intense few-cycle pulses in the near-
visible to infrared (IR) domain are available thanks to
the development of ultrashort pulse lasers combined with
post-compression techniques (e.g., based on gas-filled
hollow-core fibers (HCF) [6, 7] or filamentation in gases
[8]). Proper output spectral phase compensation may
directly lead to sub-1.5 cycle pulse compression [9], and
special setups allow to synthesize even sub-cycle pulses
[10].
Apart from the complexity of their generation, few-
cycle pulses are extremely sensitive to dispersion in
the propagation medium and are also prone to spatio-
temporal distortions. Thus, in order to preserve the du-
ration and spatio-temporal properties of few-cycle pulses,
focusing with achromatic and non-dispersive systems,
such as spherical mirrors or off-axis parabolic reflectors
[11], is required. However, few-cycle pulses obtained
by post-compression techniques typically exhibit spatio-
temporal structure. In the case of filamentation this is
more evident [12], but spatial dependence is also present
when using the gas-filled HCF technique, namely in the
form of spatial chirp [13]. Incidentally, controlling the
spatio-temporal structure of the beam may be used to
exert additional control over nonlinear light-matter in-
teraction processes. Using diffractive optical elements
(DOEs) [14] or lenses exhibiting some aberrations, is a
simple way to introduce a spatio-temporal structure in ul-
trashort laser pulses. For instance, chromatic focal aber-
rations allows tuning the second harmonic wavelength
by simply adjusting the distance between the nonlinear
crystal and the focusing element [15]. Also, chromatic fo-
cusing can be used to tune the broad spectrum resulting
from a filamentation process [16]. In addition, including
astigmatic focusing allows for the generation of more sta-
ble, spectrally broader, higher energy filaments [17] than
for the non-astigmatic case. Aberrated focusing is also
used to improve the axial resolution and to extend the
penetration depth in nonlinear confocal microscopy [18].
The control of HHG through the introduction of aber-
rations to the fundamental beam would have practical
implications in fields such as XUV spectroscopy or the
temporal shaping of attosecond pulses. In fact, pulse
front tilt has already been proven as an useful tool to
generate angle-dependent XUV radiation emission [19],
allowing one to spatially filter isolated attosecond bursts.
Similarly, angular chirping of the driving field can be used
to generate XUV radiation with controlled angular distri-
bution of the spectra [20]. Therefore, what is an a priori
detrimental aberration can be turned into a useful tool.
Furthermore, several efforts have been devoted to gener-
ar
X
iv
:1
70
2.
03
13
8v
2 
 [p
hy
sic
s.o
pti
cs
]  
12
 M
ay
 20
17
2ate tunable radiation in the XUV range, for instance by
tuning the driving pulse frequency [21, 22] or altering the
gas parameters in the generation [23]. Brandi et al show
that the tuning of XUV radiation can lead to a maximum
absorption in certain atomic transitions [24].
In this work we explore experimentally and theoreti-
cally high-order harmonic generation driven by few-cycle
pulses chromatically focused with a normal-dispersion
convergent singlet lens. Chromatic aberration affects the
driving IR light distribution at the focal region since fo-
cal length is shorter (longer) for shorter (longer) wave-
lengths. As a result, we introduce a new degree of con-
trol of the XUV spectrum characteristics. In particu-
lar, we demonstrate that it is possible to shift the XUV
spectrum and to modify the spectral content while main-
taining the yield and attosecond train structure similar
to the obtained with achromatic focusing. The experi-
ments are complemented and corroborated by numerical
simulations of the focusing scheme in a macroscopic gas
sample. This paper is organized as follows: firstly, the
experimental and theoretical procedures are described;
secondly, the experimental results are shown; then, the
theoretical results are presented, discussing the role of
the chromatic focusing as a new control parameter of the
HHG process.
EXPERIMENTAL AND THEORETICAL
METHODS
For the experiments we used a 1-kHz Ti:Sapphire CPA
amplifier (Femtolasers FemtoPower Compact Pro CEP)
delivering pulses with a Fourier-transform limit duration
of 25 fs of full-width at half-maximum (FWHM). The
output pulse is post-compressed in a HCF with an inner
diameter of 250 micrometers and 1-meter length. The
HCF was filled with argon at 1 bar. By compensating the
spectral phase with 10 bounces off chirped mirrors (Ul-
trafast Innovations; nominal GDD: −20 fs2 per bounce at
800 nm, minimum reflectance: 99%), 5-fs (and shorter)
pulses with an energy up to 300 µJ are routinely ob-
tained [9, 13]. Pulse duration can be tuned by changing
the post-compression gas pressure and re-adjusting the
spectral phase compensation. In the present work, pulse
duration covered the range between 3.3 and 8.0 fs.
The laser pulse was then focused into a krypton gas jet
by a BK7 glass singlet lens (f = 30 cm at λ = 800 nm),
which provided the desired chromatic focusing scheme.
We also performed experiments with an achromatic fo-
cusing scheme for comparison. For the latter we em-
ployed a spherical silver mirror (f = 50 cm). Both the
lens and the spherical mirror were placed on a transla-
tion stage, so the focus position could be controlled and
scanned. Before the focusing system, a variable aperture
is used to optimize the HHG signal, where the diameter
of the beam is truncated to 5 mm, and optimized be-
fore each scan. The pulse entered the vacuum chamber
through a 0.5 mm thick fused-silica window, which was
placed close to the focusing element to avoid any poten-
tial nonlinear effects. HHG was performed in a krypton
gas jet (5 bar of backing pressure), with a nozzle of 500
µm diameter. The pressure inside the vacuum cham-
ber where the high-order harmonics were generated was
around 5×10−3 mbar. A 150-nm thick aluminum foil
was used to filter out the IR radiation and the lower-
order harmonics, while the higher orders (with energies
between 17 eV and 70 eV) were propagated through it.
The XUV spectra were characterized with a grazing-
incidence Rowland circle XUV spectrometer (Model
248/310G, McPherson Inc.), of 1-m radius, equipped
with a 300 grooves/mm spherical diffraction grating. The
maximum detection angle in the present configuration
is 2 mrad, while the XUV radiation divergence is esti-
mated to be 1 mrad, with the final spectrum being the
integration over all angles of propagation. The carrier-
envelope phase (CEP) of the seed oscillator (Femtolasers
Produktions Rainbow CEP) was stabilized with a fast
loop and its stability was not significantly altered by
the subsequent amplification and post-compression pro-
cesses, which resulted in an rms of approximately 100
mrad throughout each measurement without the need
to employ a slow loop [25]. The driving few-cycle laser
pulses were temporally characterized using the d-scan
technique [9, 26], which can measure pulses down to
single-cycle durations [9, 27].
We performed numerical simulations of HHG including
both microscopic (single-atom) and macroscopic (phase-
matching) calculation. The dipole acceleration of each
elementary emitter was calculated using an extension of
the strong field approximation [28] (due to the lack of
simple analytical expressions for the matrix elements of
the acceleration in krypton, we have performed our cal-
culations in argon, that has the same parity for the va-
lence electron and a similar ionization potential), while
harmonic propagation and the collective response were
worked out using a method based on the electromagnetic
field propagator [29]. The gas jet was modelled with
a Gaussian density distribution along the laser propa-
gation direction with a width of 1-mm (FWHM) and a
peak pressure of 10 mbar. For the parameters used in our
calculations, the ionized population estimated from the
Ammosov-Delone-Krainov theory [30] is approximately
10%.
The signal at the far field detector was computed as
the coherent addition of the HHG contributions of all
the elementary sources, where the HHG light was as-
sumed to propagate to the detector with a phase velocity
c (vacuum velocity of light). In this process, phenom-
ena such as time-dependent group velocity walk-off [31],
absorption of the harmonics, plasma and neutral disper-
sion were all taken into account. At the pressures used
in this work, nonlinear phenomena in the propagation
3FIG. 1. HHG z-scans for chromatic and achromatic case: HHG in Kr depending on focusing system-target distance z
(z = 0 mm stands for focus on gas jet, z < 0 for focus before gas jet, z > 0 for focus after gas jet) for three different driving
pulses (shown in Fig. 2): (a, d) 5.2 fs FWHM pulse (Fourier limit: 3.35 fs) with residual third order dispersion, (b,e) 5.3 fs
FWHM pulse (Fourier limit: 4.9 fs) and (c,f) 3.3 fs FWHM pulse (Fourier limit: 2.9 fs). First row figures (a-c) correspond to
focusing with a silver spherical mirror (f = 50 cm), and the lower row (d-f) to focusing with a BK7 singlet (f = 30 cm).
of the driving IR beam were negligible. This model has
been tested on several scenarios where phase matching in
a gas jet is a relevant factor in HHG [25, 32–36].
In this work, and in order to simulate experiments
where the driving beam was focused with a singlet lens,
the chromatic effect was also taken into account. The
refractive index n(λ) of BK7 is obtained from Sellmeier
equations, which is used to finally obtain the wavelength-
dependent focal length, f(λ) = R · (n(λ)− 1)−1, in
the whole spectral bandwidth of the fundamental pulse,
where R is the radius of curvature of the singlet. Once
the focal length dependence f(λ) has been obtained, the
propagation after the singlet at different distances around
the central focal length was calculated. For this purpose,
we propagated each wavelength using Fresnel’s diffrac-
tion as described in Ref. [14].
EXPERIMENTAL RESULTS
When focusing broadband pulses with a system ex-
hibiting chromatic aberration, the focal length depends
on the wavelength. Thus, if such a beam is used for driv-
ing a nonlinear process, such as HHG, the spectrum of
the generated radiation will strongly depend on the rela-
tive position of the medium with respect to the nominal
beam focus. In this situation, the XUV spectra will be
modified by the lens position along coordinate z.
To confirm the latter point, we measured the harmonic
spectra varying the distance (z coordinate) between the
focusing element and the gas jet (we shall refer to this
as HHG z-scan, not to be confused with the nonlinear
material characterization technique called z-scan). The
z = 0 position here stands for focus on gas jet, z < 0
for focus before gas jet and z > 0 for focus after gas
jet. Figure 1 shows a set of HHG z-scans over different
input pulse conditions (5.2 fs FWHM pulses, for figures
1a and 1d; 5.3 fs FWHM pulses, with optimized spectral
phase for figures 1b and 1e and 3.3 fs FWHM pulses for
figures 1c and 1d) and focusing schemes (upper row cor-
responds to focusing with the spherical mirror and lower
row to singlet lens focusing). The input pulse d-scan re-
constructions corresponding to the considered cases are
shown in Fig. 2.
Figure 1a confirms that, when a spherical mirror is
used, the spectral position of the harmonics remains un-
altered when the distance between the focusing mirror
and the gas jet is changed. This is to be expected, since
no chromatic aberration is present. In this case, the
5.3 fs FWHM input pulse exhibits residual TOD (see
Figs. 2a and 2b), which is very common after the post-
compression process and is caused by the nonlinear pro-
cess inside the hollow-core fiber under optimized propa-
gation conditions [37], as previously observed in several
works [9, 17, 38–40].
In Fig. 1b the same scan was performed with a differ-
ent pulse. In this case the spectral broadening during the
HCF post-compression was reduced, the pulse duration
4was nevertheless maintained at 5.3 fs FWHM (Figs. 2c
and 2d) due to optimization of the higher orders of the
pulse spectral phase. In these conditions, we see that the
HHG z-scan varies from the previous z-coordinate inde-
pendent case, since some spectral broadening, in partic-
ular at higher harmonics, is observed at z > 0 focusing
positions (Fig. 1b). This spectral broadening, as recently
reported in Ref. [25] at the same pulse duration regime,
results from a joint effect at the atomic (HHG is altered
by particular input pulse spectral phases) and macro-
scopic levels (due to collective coherent addition, phase
matching fills the harmonic spectrum, enhancing the con-
tinuum structure and smoothing out spectral peaks).
Simultaneously, a blue-shift appears in the harmonics.
We explain this effect as the result of a remaining chro-
matic effect that occurs when a beam is focused with an
achromatic optical element (i.e., a mirror), as explained
in Ref. [41]. These differences between the two scans
demonstrate the effect of the spectral phase of the driv-
ing pulse in the HHG process.
Furthermore, Fig. 1c shows that the spectral broaden-
ing at z > 0 focusing position is increased when using
shorter pulses (3.3 fs FWHM, whose reconstructions are
shown in Figs. 2e and 2f). In this last case, even a contin-
uum spectrum can be obtained due to the short driving
pulse duration.
In order to analyze the chromatic focusing effect, Fig.
1 lower row presents the corresponding HHG z-scan mea-
sured while focusing with the singlet. Fig. 1d reveals that
the chromatic focusing scheme introduces a dependence
of the harmonic position on z, in contrast with was ob-
served using achromatic focusing (Fig. 1a) and the same
input pulse characteristics. In fact, it follows the first
intuitive guess: when moving the lens in order to place
the nominal focus after (before) the gas jet, i.e. z > 0
(z < 0), a blue shift (red shift) of the harmonic spec-
trum should be observed. Since no additional effects al-
ter the XUV spectra, this dependence is observed clearly.
However, the presence of the above commented spectral
broadening phenomenon will alter this behavior under
other experimental conditions. As shown in Fig. 1e, for
z > 0, XUV spectra become broader and their depen-
dence in z is opposite to what would be expected from
a purely chromatic effect. Nevertheless, when the spec-
tral broadening effect is not present, i.e. at z < 0, the
spectral shift induced by the chromatic focusing prevails,
shifting the measured harmonic spectral positions away
from the corresponding achromatic focusing case (Fig.
1b). This occurs similarly when shorter input pulses of
3.3 fs FWHM are used, since at z > 0 spectral broadening
is present, and even enhanced (e.g., continuous spectra
arise), but for z < 0 the spectral shift matches that of
the used chromatic focusing, in contrast also with the in-
sensivity in the z coordinate observed in the achromatic
case (Fig. 1c). Thus, chromatic focusing effectively al-
lows one to vary the HHG spectrum and to tune it by
just moving the lens position with respect to the gas jet.
The HHG z-scan in the few-cycle pulse regime is ex-
tremely sensitive to experimental conditions. As an ex-
ample, Fig. 3 shows the harmonic z-scan intensity profile
for several CEPs of the driving pulse (pulse energy of 56
µJ, pulse duration: 3.6 fs FWHM, Fourier-limit: 2.9 fs
FWHM). In this regime, due to the chromatic focusing,
pulse structure (even at the level of the electric field os-
cillation) has great relevance, and phase changes in the
electric field of the pulses directly affect the HHG z-scan.
In order to study the effects of chromatic focusing in
the XUV continuum generation, we have performed a
dispersion-scan for the different studied cases. The coor-
dinate z (i.e., the position of the lens) has been chosen
to optimize the spectral broadening. A dispersion-scan
was performed by adding or extracting material on the
light path prior to the focusing element. In our case, we
used a pair of BK7 glass wedges with an angle of 8o. In
the case of the 5.3 fs FWHM pulse (Fig. 2d) used for
Fig. 1e, the z coordinate was fixed at z = 1 mm and
a dispersion-scan was performed (Fig. 4a). The scan
shows a behavior very similar to that observed when fo-
cusing the same pulse achromatically (with the spherical
mirror of f = 50 cm), as shown in Fig. 2b in [25]. For
FIG. 2. Characterization of the driving pulses: Left
column: Spectra (blue line) and spectral phase (green line);
right column: time dependent electric field amplitude (blue
line) of the three pulses used for the HHG z-scan shown in
Fig. 1. Upper row shows a pulse with higher dispersion order,
and corresponds to Fig. 1(a) and (d). Second row displays a
pulse closer to its Fourier-limit duration, where the spectral
phase is flatter than in the previous case, and corresponds to
Fig. 1(b) and (e). Lower row presents a shorter pulse, lasting
less than 1.5 cycles, which corresponds to Fig. 1(c) and (f).
5FIG. 3. CEP-dependence of the chromatic HHG z-
scan: HHG z-scan in Kr (backing pressure of 6 bar) as a func-
tion of singlet-target distance in the few-cycle pulse regime
(pulse energy of 56 µJ, pulse duration: 3.6 fs FWHM, Fourier
limit: 2.9 fs FWHM) for different values of CEP: (a) φ0, (b)
φ0 + pi/4, (c) φ0 + pi/2, (d) φ0 + 3pi/4.
positive chirp the HHG spectra feature narrow peaks at
odds harmonics, while for negative chirp, spectral broad-
ening is observed. The observed high frequency fringes
denote the CEP dependence of the HHG (i.e., over a
short range of BK7 insertion the dispersion-scan becomes
a CEP scan). This behavior of the XUV radiation has
been observed previously in other works using achromatic
focusing [42, 43].
When shorter pulses (e.g., 4 fs) are used (Fig. 4b),
dispersion-dependent spectral changes are more pro-
nounced, from well-defined harmonics at positive chirp
to spectral broadening at negative chirp, until eventu-
ally becoming continua, ranging over 8 harmonic orders,
similar to the previously reported case for achromatic
focusing [25]. This suggests that the continuum mech-
anism remains the same as for achromatic focusing in
this pulse duration range. However, shorter pulses in
the few-cycle regime reveal differences in the dispersion-
scan. Fig. 4c features a dispersion-scan for a 3.3 fs pulse
(Fig. 2f), where the z coordinate was fixed at z = 0
mm (the corresponding z-scan is depicted in Fig. 1f). In
this case, the continuum spans over 12 harmonic orders
and, in contrast with the precedent examples, the har-
monic continuum yield is higher than the one obtained
at the same scan in other chirp conditions. As will be
discussed in the following section, when generating high
order harmonics with near single-cycle driving pulses, the
continuous structure is compatible with the generation of
a single attosecond burst.
THEORETICAL RESULTS AND DISCUSSION
Aiming to understand the role of the singlet lens in
more detail, we studied the effect of chromatic focusing
on the HHG, i.e., how chromatic aberration of the driv-
ing beam affects the harmonic emission at the micro-
scopic (single-atom) and macroscopic (propagation and
phase-matching) levels. Numerical simulations have been
performed by scanning the pulse duration and lens-gas
distance.
Fig. 5 shows the HHG spectra corresponding to the
dispersion-scan of a 4.8 fs pulse (Fourier limit for a BK7
insertion of 0 µm), focused by a f = 40 cm singlet and
with the nominal focus placed 2 mm after the gas jet,
(i.e., z = 2 mm) for both single atom response and col-
lective response. Our simulations have a reasonably good
qualitative agreement with experimental results at simi-
lar conditions (Figs. 4a and 4b).
When comparing the chromatic focusing case shown
here with the achromatic one for the same conditions
presented in [25], we see that while the dispersion-scans
for single atom response present some differences be-
tween both focusing schemes, due to the different lo-
cal pulse distribution, the corresponding macroscopic re-
sponses (Fig. 5 versus Fig. 3b of [25]) are very similar
in their general structure and yield. Surprisingly, phase
matching when focusing with the singlet and its asso-
ciated chromatic aberration can perform slightly better
than aberration-less focusing. According to simulations,
the temporal structure of the XUV continuum is the same
than the one obtained for spherical mirror focusing [25]:
three main attosecond pulses with relative phase differ-
ences that yield, via spectral interference, the continuum
spectrum. Therefore, no major attosecond pulse time
structure distortions would be produced by the consid-
ered chromatic aberration compared to the achromatic
focusing case in this driving pulse regime.
For gaining further insight on the HHG response to
the dispersion-scans in the few-cycle pulse regime and its
dependence on spectral phase and focusing conditions,
we also performed simulations with the shorter pulses
(and broader spectra). We simulated the HHG disper-
sion scans (Fig. 6a) considering the 3.3 fs (FWHM) ex-
perimentally reconstructed pulses (Fig. 2e and 2f) when
focusing with the singlet with its nominal focus 2 mm
after the gas jet (z = 2 mm). The HHG dispersion scan
structure presents a similar behavior to the experimen-
tal results measured for the same input pulses (Fig. 4c).
A broader spectrum structure appears around the zero
GDD and negative GDD region, with continuous spectra
arising at several material insertion values. On the other
hand, odd harmonic peaks rise for positive BK7 inser-
tion, being quite resilient to dispersion within more than
100 µm material insertion range. Please note that the
odd harmonic peaks show a slight blue shift from the ex-
pected values, because we are considering a bluish focus
at z = 2 mm position. The shift in the vertical axis (BK7
insertion) of the HHG dispersion scan in the experimen-
tal measurements with respect to the theoretical results
may be caused by a slight mismatch in the amount of dis-
6FIG. 4. HHG dispersion-scans with chromatic focusing: HHG performed in krypton in three different cases: (a) Pulse
duration of 5.3 fs and energy of 80 µJ, (b) duration of 4 fs and 50 µJ, (c) duration of 3.3 fs and 50 µJ. Focus is placed 2 mm
after the gas jet in (a) and (b), while it is placed at the gas jet position in (c). Pulse durations are measured at 0 µm of BK7
insertion. Color axis is normalized to the maximum signal measured in each scan
persive material between the HHG experiment and the
d-scan measurement.
In order to establish the role of the focusing scheme
and the input pulse shape over the structure of the HHG
dispersion scan at 3.3 fs, we have performed the same
simulations when focusing the experimentally retrieved
pulses with a mirror (f = 40 cm), i.e., using an achro-
matic scheme (Fig. 6b) and considering singlet focus-
ing of a 2.9 fs FL pulse at 0 µm BK7 material insertion
(Fig. 6c). In the case of achromatic focusing (Fig. 6b),
even if a structure similar to Fig. 6a is observed, the
material insertion range for efficient HHG is limited to
around zero insertion, dropping quickly when more BK7
is added or subtracted from that value. This fact points
out that the chromatic focusing affects the structure of
the input pulse, as expected. In the achromatic focusing
case, since the spectrum at the considered focal plane is
broader than in the chromatic case, the pulse will exhibit
a higher sensitivity to the material insertion (i.e., disper-
sion). Thus, efficient HHG generation is restricted to the
low dispersion cases within the chirp-scan. In addition,
since that chromatic aberration will decrease the peak
power on focus, the HHG yield in the zero insertion re-
gion is higher in the achromatic case than in the singlet
FIG. 5. Numerical simulation of HHG with chro-
matic focusing: Dispersion-scan of far field on-axis HHG for
Fourier limited pulse of 4.8 fs FWHM focused with a f = 40
cm singlet lens. Single atom response and collective response
including propagation effects are considered.
one.
When considering a 2.9 fs FWHM FL driving pulse fo-
cused with the singlet (Fig. 6c) at the same focus position
(z = 2 mm), the yield of the XUV radiation is compa-
rable to Fig. 6a, while it is lower than the achromatic
focusing case (Fig. 6b), because of the decreased peak
power due to the chromatic aberration. Harmonic gener-
ation is restricted to a material insertion range between
-50 µm and 50 µm, which is broader than for achromatic
focusing (Fig. 6b) but not exhibiting the structure at
higher positive insertion shown by the experimental case
(Fig. 4c) and its corresponding simulation (Fig. 6a).
Thus, the asymmetric structure observed in the latter
cases is due to the spectral phase of the driving pulse.
Similarly to what happens with second harmonic gen-
eration (SHG) d-scan, nonlinear signal generation is more
confined within a certain material insertion range in a FL
input pulse than in an input pulse exhibiting third (or
higher) order dispersion. Due to the structured spectral
phase of the pulse, its dependence on the applied disper-
sion will differ from one wavelength to another, stretch-
ing the d-scan trace along the material insertion axis).
Secondly, the structure around the zero dispersion value
becomes more regular in the FL input pulse case than
that shown in Fig. 6a for the measured pulse with struc-
tured spectral phase, and is symmetric with respect to
the material insertion. This difference is explained also
by the different spectral phases and their behavior while
changing the material insertion. In addition, Fig. 6b
shows that in an achromatic focusing case, the structure
in Fig. 6 would be washed out, pointing out that the
chromatic focusing plays a role maintaining that scan
structure. Thus, from comparison among the 3 cases, we
can conclude that the particular scan structure observed
experimentally (Fig. 4c) and theoretically (Fig. 6a) is
caused by both the driving pulse spectral phase struc-
ture and the focusing conditions. Nevertheless, in spite
of the differences, continuous spectra can be observed at
some points of all the simulated HHG dispersion scans.
In addition to the spectral analysis, theoretical sim-
7FIG. 6. HHG dispersion-scan impact of focusing
scheme and pulse structure: Dispersion-scan of far field
on axis HHG for Fig. 2f pulse focusing with a f = 40 cm sin-
glet at 2 mm before the gas jet (a), same pulse focused with a
spherical mirror (f = 40 cm) at 2 mm after the gas jet (b) and
a 2.9 fs FWHM Fourier Limit pulse focusing with a f = 40
cm singlet at 2 mm before the gas jet (c). Maximum peak in-
tensities are estimated to be 2.5×1014 W/cm2 for chromatic
focusing (a), and 3.5×1014 W/cm2 for the achromatic case
(b).
ulations also allow studying the temporal structure of
the emitted XUV radiation when using near single-cycle
pulses (3.3 fs). Contrary to what is observed in the 4.8
fs FWHM driving pulse case, where continuous spec-
tra were generated by a train of 3 attosecond pulses
presenting particular spectral phase differences, in this
shorter driving pulse case (near single-cycle pulses) some
of the continuous spectra correspond to isolated attosec-
ond pulses. In Fig. 7a we present the attosecond pulses
obtained after Fourier Transforming the spectra shown
in Fig. 6a, proving that the measured HHG spectra (Fig.
4c) at some material insertion values are compatible with
the generation of an isolated attosecond pulse. This does
not differ too much from the attosecond pulse emission
corresponding to the achromatic focusing case (Fig. 7b),
which, in addition, agree with the results presented in
a recent publication [44], showing that similar duration
driving pulses can directly generate isolated attosecond
pulses via intensity gating of the HHG process. Again,
as seen in the corresponding spectra from the HHG dis-
persion scans, high HHG yield in the achromatic case is
much more restricted to a low range of material insertion.
In both cases, the single attosecond pulses present a du-
ration of around 500 as (FWHM). The effect of spectral
phase on the HHG dispersion scan can be observed by
comparing Fig. 7a and Fig. 7b with the correspond-
ing temporal structure obtained for a 2.9 FWHM FL
driving pulse (Fig. 7c). In the latter, single attosec-
ond pulses can be observed exhibiting shorter duration
(around 400 as), compatible with the fact that the HHG
spectrum presents a higher cut-off (Fig. 7c) than in the
other studied cases. Therefore, according to the simula-
tions, the chromatic focusing by means of a singlet lens
FIG. 7. Attosecond pulse emission along the HHG
dispersion scan: Attosecond pulse emission corresponding
to Fig. 6a (a) Fig. 6b (b) and Fig. 6c (c) HHG dispersion
scans. Temporal profile in each case is obtained by means of
Fourier transforming the simulated spectrum after simulating
the propagation through the aluminum filter.
8does not disrupt the single attosecond pulse generation
at the considered input pulse characteristics, allowing the
generation of a single attosecond burst when near single-
cycle driving pulses are used.
CONCLUSIONS
In conclusion, we have shown that focusing ultra-
broadband pulses with some chromatic dependence (e.g.,
with a singlet lens) can provide an additional degree of
spectral control over the resulting HHG spectrum, while
no major distortions disrupting the HHG process are in-
troduced. The focusing of each wavelength component at
different focal lengths has an impact in the single atom
emission across the generating region and also in the co-
herent addition of the XUV light from all the elemental
emitters. Therefore, an additional experimental parame-
ter, the chromatic focal distribution, can be used for al-
tering the XUV characteristics, namely for HHG spectral
tuning. To demonstrate this effect, we have used a singlet
lens, which introduces chromatic aberration, with broad-
band few-cycle pulses. We have observed that it is pos-
sible to tune the harmonics by changing the singlet po-
sition when focusing few-cycle pulses, since the spectral
content at the focus changes due to chromatic aberration.
This ability can be useful to perform spectroscopy in the
XUV region. On the other hand, the employed focusing
scheme does not modify some of the properties observed
in HHG using achromatic focusing, namely the possibility
to generate spectral XUV continua even in the low-order
harmonic region under adequate pulse (here shown from
20 eV to 39 eV) and phase matching conditions, or even
the generation of an isolated single attosecond pulse from
near single-cycle driving pulses. Furthermore, the chro-
matic focusing scheme produces XUV radiation with a
similar yield to the achromatic case.
Full-propagation theoretical simulations corroborate
the experimental results, confirming that the chromatic
focusing reproduces the temporal structure obtained in
the achromatic case. Furthermore, since the HHG pro-
cess is distributed in different spatial regions depending
on the wavelength, further control over the chromatic
focusing (e.g., using diffractive lenses, adaptive optics,
etc.) and the gas distribution profile may allow to tailor
the phase-matching conditions with an additional con-
trol parameter offering further optimization of the HHG
process.
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